Abstract. Given the increasing notion of target promiscuity of bioactive compounds and polypharmacological drug behavior, a detailed analysis of publicly available compound activity data from medicinal chemistry sources was carried out to determine and quantify the degree of promiscuity of active compounds across all known human target families. The results are surprising. Approximately 62% of currently available compounds with high-confidence activity data are only annotated with a single biological target, whereas 36% are known to act against multiple targets within the same family (i.e., closely related targets). However, only ∼2% of bioactive compounds are promiscuous across different target families. Thus, despite general data sparseness, these findings indicate that highly promiscuous bioactive compounds only rarely occur. Because pharmaceutically relevant active compounds represent the pool from which drug candidates emerge, one might extrapolate from these results and conclude that there is a low statistical probability to obtain drugs that act against multiple targets belonging to distinct families.
INTRODUCTION
Compound promiscuity and polypharmacology are emerging themes in pharmaceutical research (1) (2) (3) (4) , with potentially far-reaching consequences. Increasing evidence is accumulating that bioactive compounds, drug candidates, and current drugs often specifically interact with multiple targets (1) (2) (3) (4) . Such insights depart from the single-target-specificity paradigm that has long governed drug discovery strategies. Multitarget drug activities give rise to polypharmacological drug behavior, which is thought to be of critical relevance for therapeutic effects of many (but not all) drugs (5, 6) . Current estimates are that a drug might on average interact with about six different targets (7) . It is therefore not surprising that the notion of polypharmacology is beginning to influence drug discovery and design strategies (8, 9) . It also provides the conceptual basis of drug repurposing (10, 11) , i.e., attempting to find novel targets and therapeutic applications for existing drugs; another muchdiscussed topic in pharmaceutical research and development. Taking the issue of data sparseness into account, i.e., not all compounds have been tested against all targets (7), one might anticipate even further increasing relevance of compound promiscuity and polypharmacology for drug discovery, although target-specific drugs will continue to be of prime interest for many therapeutic applications (including, for example, the treatment of chronic and infectious diseases). Target promiscuity of pharmaceutically relevant compounds provides the basis for polypharmacology. Compound promiscuity has been assessed at a structural level, for example, by characterizing molecular scaffolds that occur in compounds active against multiple targets (12) . In addition, a number of computational approaches have been introduced to predict off-target effects and secondary targets of known drugs (9, 13, 14) . However, although off-target effects and multitarget activities have been explored for a number of drugs and compound classes, it has thus far not been determined how frequently target promiscuity is generally observed among currently available bioactive compounds; a question that should be of considerable interest to better understand the basis of polypharmacological drug behavior. We have analyzed this question in detail and report in part surprising results herein.
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MATERIALS AND METHODS

Data Collection
The ChEMBL database has its origins in pharmaceutical research and is currently the major public domain source of compound structure and activity data originating from medicinal chemistry projects (15) . Compound activity data are systematically extracted from original literature and patent resources and curated. Hence, the database has a strong focus on pharmaceutically relevant compounds. From the current release of ChEMBL (release 13), bioactive compounds that were reported to have direct interactions (i.e., target relationship type "D") with human targets at the highest confidence level (i.e., target confidence score of 9) were assembled. Only equilibrium constants (K i values) were considered as activity data. Approximate K i measurements such as ">," "<," or "∼" were discarded. For compounds with multiple K i values for the same target, the geometric mean of all values was calculated to yield the final potency annotation. Furthermore, all targets were organized into target families following the protein classification hierarchy of ChEMBL and UniProt family annotations (16) .
Compound Decomposition
Following the Bemis and Murcko definition (17) , each compound was decomposed into two structural components, i.e., a molecular scaffold and R-groups. The union of all R-groups extracted from a compound comprised its R-group set.
Definition of Promiscuity and Compound Categories
For each qualifying compound, its activity profile was generated by assembling all available target activity annotations. On the basis of the target family classification scheme, the corresponding target family profile was also determined. On this basis, three categories of compounds were introduced to represent different levels of target promiscuity:
1. Compounds active against a single target, indicating apparent target specificity, were classified as singletarget compounds (ST compounds). These compounds were determined but not further considered in our promiscuity analysis. 2. Compounds active against multiple targets from the same family, representing intra-family promiscuity, were considered as single-family compounds (SF compounds). 3. Compounds active against multiple targets that belonged to different target families, reflecting interfamily promiscuity, the highest level of promiscuity, were designated multifamily compounds (MF compounds).
Clearly, MF compounds have a higher degree of promiscuity than SF compounds, and one might argue that MF compounds should be a primary focal point of promiscuity analysis. However, in our view, it is also relevant to consider different levels of intra-family compound promiscuity, in particular, since significant differences are detectable. Hence, we have aimed to provide a comprehensive picture (as much as possible on the basis of currently available data) of compound promiscuity within and across different target families.
Molecular Properties
For compounds of different promiscuity categories, their molecular weight and octanol/water (o/w) partition coefficient (logP) values were calculated using the Molecular Operating Environment (18). In addition, for each category, the numbers of represented scaffolds and R-group sets were determined. The number of active compounds meeting the selection criteria defined in the text is reported together with the number of their targets, target families, and unique activity profiles. In addition, the number of molecular scaffolds, individual R-groups, and unique Rgroup sets is given
Compound Data Mining
All data mining calculations were carried out with inhouse generated programs.
RESULTS AND DISCUSSION
Compound Data
High-Confidence Activity Data
The use of high-confidence activity data is of critical importance for a meaningful assessment of compound promiscuity. For example, many drugs are annotated with much larger numbers of targets in ChEMBL than in DrugBank (19) . We have previously shown that the number of drug targets is generally reduced when approximate and/or low-confidence activity measurements are discarded and only precise measurements are considered (20) , leading to similar numbers of targets for drugs in ChEMBL and DrugBank. For instance, the approved drug buspirone was annotated with 72 potential protein targets in ChEMBL. However, when applying highconfidence data selection criteria, as specified above, the number of targets was reduced to two, consistent with the number of target annotations reported in DrugBank. Furthermore, other noteworthy studies addressing compound promiscuity have consistently used high potency and/or high-confidence data (1, 21, 22) . Given high-confidence data requirements, screening data have not been used to assess promiscuity. One cannot exclude that approximate activity measurements such as IC 50 values are indicative of true targets of bioactive compounds and drugs. However, their use also increases the tendency of false-positive or nonrelevant assignments, especially for weakly active compounds. Therefore, we have applied the most rigorous data integrity criteria, as described above, and exclusively utilized equilibrium constants as activity measurements. The exclusive use of explicit equilibrium constants also alleviates the likely requirement for introducing potency threshold values for very weakly active compounds (that might be false-positives). This is the case because explicit equilibrium constants are rarely reported for borderline active compounds.
On the basis of our compound selection criteria, a total of 33,778 compounds were obtained from the current release Detailed activity profiles of these compounds are reported in Table S1 in the ESM of ChEMBL that were active against a total of 529 human targets, as reported in Table I .
Activity Profiles and Compound Structures
The targets of these compounds belonged to 130 human target families and formed 1,144 unique activity profiles. In addition, the compounds represented 12,044 unique molecular scaffolds and 13,334 R-group sets involving 2,825 individual R-groups.
Compound Promiscuity
Categorization of Compounds
For all qualifying compounds, the promiscuity was evaluated on the basis of their target and family profiles, as shown in Fig. 1 . For each compound, the number of targets against which it was reported to be active was determined. Approximately 61.6% of all compounds were found to be active against a single target (ST compounds) Fig. 3 . Top-ranked scaffolds. For each compound category, the top six scaffolds representing the largest number of compounds are shown. For each scaffold, the number of corresponding compounds (above the line) and the number of targets against which these compounds were active (below the line) are given. a ST, b SF, and c MF compounds and were thus not further considered in our analysis, as explained above. For the remaining 38.4% of the compounds that were annotated with multiple targets, the family profiles were analyzed. Nearly all of these compounds, i.e., 36% of 38.4%, were active against 2 to 12 targets belonging to the same family (SF compounds). Hence, only 2.4% of all bioactive compounds displayed inter-family promiscuity (MF compounds). These compounds were active against 2 to 25 targets belonging to two to five different families.
Although more than a third of bioactive compounds were reported to be active against multiple targets, compound promiscuity was mostly confined to individual target families (i.e., closely related targets) and only 803 compounds were identified to be promiscuous across different target families. The low rate of compound promiscuity across different target families was unexpected. However, in some instances, promiscuity is an inherent feature of targets, which also affects the analysis at the compound level. For example, this applies to known therapeutic anti-targets such as the Human Ether-à-go-go-Related Gene (HERG). We have found that 240 of the 803 compounds (i.e., ∼30%) that were promiscuous across different target families were also active against HERG. Four exemplary MF compounds representing the highest degree of promiscuity are shown in Fig. 2 and their complete activity profiles are reported in Table S1 in the Electronic Supplementary Material (ESM).
Distribution of Molecular Properties
For ST, SF, and MF compounds, their molecular weight and o/w logP values were calculated, as reported in Table II . MF compounds were in general smaller than ST compounds and more hydrophobic. Thus, larger (chemically more optimized) and more hydrophilic compounds displayed a greater tendency of target selectivity, as one should anticipate.
Distribution of Target Families
A total of 20,816 ST compounds, 12,159 SF compounds, and 803 MF compounds were active against 364 targets from 118 families, 359 targets from 40 families, and 191 targets from 55 families, respectively. These target families were ranked according to the number of ST, SF and MF compounds they contained. Top-ranked target families for the three compound promiscuity categories are listed in Tables S2, S3 , and S4 in the ESM. These families covered a wide range of targets including several subfamilies of Gprotein coupled receptors, various proteases, different protein kinases, ion transporters, and cytochrome P450 enzymes. The target family lists partly overlapped for the different compound categories. Hence, there was no clear tendency for compounds with different levels of promiscuity to preferentially act against individual target families. In Fig. S1 in the ESM, the most populated SF and MF activity profiles and exemplary compounds displaying these profiles are shown.
Distribution of Scaffolds and R-group Sets
For each compound category, the distribution of molecular scaffolds and R-group sets is reported in Table S5 in the ESM. A total of 8,054, 4,547, and 372 scaffolds and 9,230, 5,216, and 361 R-group sets were found to represent ST, SF, and MF compounds, respectively. The compound-to-scaffold and -R-group ratios were very similar for all three categories. On average, individual scaffolds and R-group sets represented from 2.2 to 2.7 and from 2.2 to 2.3 compounds, respectively. The most frequently occurring scaffolds and R- Fig. 4 . Top-ranked R-group sets. For each compound category, the top six R-group sets consisting of one to three substituents that represent the largest number of compounds are shown. For each R-group set, the number of corresponding compounds (above the line) and the number of targets against which these compounds were active (below the line) are given. a ST, b SF, and c MF compounds group sets are shown in Figs. 3 and 4 , respectively. The majority of these scaffolds contained three to four rings. The benzene ring, the most generic scaffold, was found to represent the largest number of ST and SF compounds. Furthermore, generic substituents including the methyl and carbonyl groups as well as chlorine and fluorine were frequently observed in highly ranked R-group sets. Different combinations of these R-groups were found in all three compound categories.
Overlap Between Target Families, Scaffolds, and R-group Sets
There were different degrees of overlap between target families, scaffolds, and R-group sets belonging to the ST, SF, and MF compound categories, as reported in Fig. 5 . Figure 5a shows that nearly half of all target families (45%) exclusively hosted ST compounds. The list of the 59 target families is provided in Table S6 in the ESM. However, these target families usually consisted of only one or two targets with fewer than 20 active compounds. In addition, for a total of four and eight families, only SF and MF compounds were found, respectively. Again, these target families only consisted of one to three targets, as reported in Tables S7 and  S8 in the ESM. Hence, exclusive binding of ST, SF, or MF compounds to target families essentially corresponded to binding to individual targets. Furthermore, 35 target families hosted compounds belonging to two promiscuity categories, as reported in Tables S9 and S10 in the ESM. These target families often contained multiple targets for which larger numbers of active compounds were available. Moreover, for 24 target families, ST, SF, and MF compounds were found (Table S11 in the ESM). These families included prominent therapeutic target families with many targets and large numbers of active compounds. Thus, for well-explored target families, many compounds with different levels of intra-family promiscuity were found, but compounds with promiscuity across different families were rare.
Target Families
Scaffolds and R-group Sets
In Fig. 5b , the overlap between scaffolds representing ST, SF, and MF compounds is reported. Surprisingly, more than 90% of all scaffolds were found to exclusively represent compounds belonging to an individual category. Sixty percent of the scaffolds exclusively represented ST compounds and 31% SF compounds. By contrast, only 2% of the scaffolds exclusively occurred in MF compounds and an additional 0.9% in combinations of MF and SF or ST compounds. Equivalent observations were made for Rgroup sets in Fig. 5c . Thus, scaffolds and R-group sets representing MF compounds were very rare. In Fig. 6 , the most promiscuous scaffolds identified in our analysis are shown.
CONCLUSIONS
Herein, we have systematically analyzed the target promiscuity of pharmaceutically relevant compounds on the basis of currently available high-confidence activity data and molecular graphs. The ligand-centric approach is not the only way to analyze compound promiscuity, which In (a-c), target families, scaffolds, and R-group sets representing different compound categories are compared in Venn diagram representations, respectively. Table inserts report the numbers (percentages) of target families, scaffolds, and R-group sets for different subsets consisting of compounds belonging to one, two, or all three promiscuity categories might also be attempted, for example, by taking 3D target structure and ligand information into account (23) . In our analysis, different compound categories were introduced that represented different levels of promiscuity, from single-target compounds (that are, by definition, nonpromiscuous) over single-family compounds to multifamily compounds that are promiscuous across different target families (representing the highest level of promiscuity in our analysis). In this context, it should also be noted that SF compounds might present a source of privileged structure information for individual target families (24) . Compounds with activity annotations against single targets were most frequently observed. However, for popular target families, large numbers of compounds with different levels of promiscuity were found. We have determined that approximately a third of current bioactive compounds acted against different targets belonging to the same family, whereas only ∼2% of all compounds displayed promiscuity across different target families. Thus, compound promiscuity was mostly confined to targets belonging to individual families (i.e., closely related targets). By contrast, compounds acting against targets from different families were very rare. In addition, we also found that more than 90% of currently available molecular scaffolds exclusively represented compounds belonging to an individual promiscuity category. Thus, there are many opportunities to further explore scaffolds for the design of compounds with different levels of target selectivity. When currently available active compounds will be tested against increasing numbers of targets, the ratio of promiscuous to apparently target-specific compounds is expected to further increase. However, if one extrapolates from our findings that compounds with high-level promiscuity are rare, there is only a low statistical probability to select polypharmacological drug candidates that act against different types of targets. Thus, such compounds might have been preferentially selected because of favorable therapeutic effects and high efficacy, which would rationalize the apparent enrichment of polypharmacological compounds among drugs. 
